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Compact 80 W, 1 MHz Femtosecond Chirped Pulse
Amplification Laser System Based on a Yb-Doped
Fiber and a Yb:YAG Thin Rod

Yan Xu ", Zhigang Peng“, Yuhang Shi

Abstract—We present a hybrid chirped pulse amplification
(CPA) laser system based on Yb-doped fiber and Yb:YAG thin rod.
The laser system demonstrates a novel approach to generate high
average power up to the 100-W level by using a Yb:YAG thin rod
without pump guiding at room temperature. A Yb-doped all-fiber
laser with an output power of 7 W and a repetition rate of 1 MHz
is amplified to an output power of 126.2 W in simple and compact
two-stage amplifiers consisting of a single fiber crystal (SCF) and a
Yb:YAG thin rod. To the best of our knowledge, this is the highest
output power of Yb:YAG thin-rod amplifier with good beam quality
obtained without pump guiding at room temperature. After using
a thin-film polarizer (TFP) to remove the thermal depolarization,
a linearly polarized ultrashort pulse laser with an average power
of 115.2 W is obtained. An output power of 80.6 W with a pulse
width of 580 fs is achieved after pulse compression. The central
pulse contains 84.1% of the total pulse energy, corresponding to a
pulse peak power of 116.9 MW,

Index Terms—Chirped pulse amplification, femtosecond laser,
hybrid amplification, Yb:YAG thin rod.

I. INTRODUCTION

HERE is widespread demand for ultrashort-pulse lasers
T with high average power and high peak power for in-
dustrial and scientific applications, such as laser manufacturing
processes, high harmonic generation, and nonlinear frequency
conversion [1]-[6].

Yb-doped fiber lasers present the advantages of high optical-
to-optical efficiency, good beam quality, and maintenance-free
operation. However, for amplifying ultrashort pulses, the small
core diameter of the fiber restricts the peak power and pulse
energy due to the nonlinear effects caused by high power
intensities and long interaction length in the fiber, such as
self-phase modulation (SPM) and stimulated Raman scattering
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(SRS). Increasing the mode field area of the fiber amplifier or
using chirped-pulse amplification (CPA) technology is a viable
method for lowering power intensities. Nevertheless, due to the
limitation of the self-focusing effect, the maximum peak power
of silica fiber is less than 4 MW [7]-[9].

Yb:YAG crystals, benefiting from low nonlinear effects, ex-
cellent thermo-optical properties, and high peak power toler-
ance, combined with a Yb-doped all-fiber front end, can generate
compact and stable ultrashort pulsed laser sources with high av-
erage power and high peak power. However, the crystals require
effective heat dissipation at high power pumping. Cryogenic
Yb:YAG crystals have excellent thermo-optic properties and
emission cross-sections, but the narrowed emission spectrum is
not supportive of subpicosecond pulses [10], [11]. Thin disk and
InnoSlab amplifiers provide efficient thermal management, but
require complex pumping schemes that are inevitably expensive
and reduce system stability [12], [13].

Single crystal fibers (SCFs) are thin rods usually with a diam-
eter from 400 pm to 1.5 mm and a length of a few centimeters
that are used as a waveguide for multimode pump light and
as a bulk crystal for signal [14], [15]. They greatly improve
pump absorption and optical-to-optical conversion efficiency
compared to bulk crystals, and over the last decade, they have
shown good potential for high power amplification with a simple
and compact configuration. In 2015, Markovic et al. obtained
an average power of 160 W with a relatively low pulse energy
of 1.9 uJ at a repetition rate of 83.4 MHz based on two-stage
Yb:YAG SCF amplifiers [16]. Due to the small aperture of the
SCF, there is arisk of damage to the antireflective (AR) coating of
the end face when delivering high peak power pulses. Therefore,
divided pulse amplification (DPA) technology or chirped pulse
amplification (CPA) technology is required to achieve ultrashort
pulses with high peak power. In 2016, Lesparre ef al. obtained
an average power of 55 W with a repetition rate of 12.5 kHz
with DPA technology using two Yb:YAG SCF amplifiers [17].
In 2020, Wang et al. reported a CPA system consisting of an
all-fiber front end, a direct water-cooled Yb:YAG rod amplifier
and two-stage SCF amplifiers; an output power of 96 W was
obtained before compression [18], [19]. In 2021, Yang et al. ob-
tained an output power of 130 W using three-stage Yb: YAG SCF
amplifiers with CPA technology. The main amplifier is a Taranis
module integrating a 30 mm long Yb:YAG SCF with 1 at.% dop-
ing rate. When the pump power of the Taranis module was 262
W, the beam quality is degraded from M, :fy = 1.09 x 1.23inthe
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Schematic of hybrid Yb-doped fiber and Yb:YAG thin-rod CPA system. LD, laser diode; WDM: filter wavelength division multiplexer; YDF, Yb-doped

AN

Grating

fiber; LD, laser diode; PD, photodetector; AOM, acoustic optical modulator; ISO, isolator; TFP, thin-film polarizer; FR, Faraday rotator; HR, high reflection mirror;

DM, dichroic mirror.

second stage to M2, = 1.63 x 1.90 [20]. Although SCFs have
been successfully used for high power amplification, the process
of manufacturing SCF modules is relatively complicated, and the
cost is high.

Benefiting from the brightness improvement provided by the
pump laser diode (LD), the Yb:YAG thin rod has also obtained
high average power at room temperature in the last few years.
In addition, Yb:YAG thin rods are much less expensive than
Yb:YAG SCFs due to their simple preparation process. In 2017,
Rodin et al. used a 2 at.% doped Yb:YAG thin-rod amplifier
with dimensions of 2 mm X 2 mm %20 mm to amplify a 500
mW seed beam to 47.3 W at 500 kHz [21]. In 2019, Chu et al.
demonstrated a master oscillator power amplifier (MOPA) laser
system with a Yb:KGW oscillator and two Yb:YAG amplifiers
to directly amplify a signal with a pulse width of 1.87 ps and
repetition rate of 1 MHz; an output power of 8.2 W was obtained
with a pulse width of 4.66 ps [22]. In 2020, Veselis used a 3.6
at.% doped Yb:YAG rod with a length of 12 mm to generate
an average power of 40 W at 1 MHz [23]. However, highly
doped short rods led to deleterious thermal effects that were not
conducive to high power amplification. Moreover, we reported
a hybrid Yb-doped fiber and three-stage 1 at.% doped Yb:YAG
thin rod MOPA system, and an average power of 100 W with a
repetition rate of 20 MHz was obtained. The beam quality factor
was 4 because the cooling method led to poor heat dissipation
and temperature uniformity at high-power pumping [24].

From the perspective of system complexity, to obtain output
power at the 100-W level using the current Yb:YAG SCF and
thin rod usually requires at least three-stage amplifiers, which is
not conducive to building laser systems.

In this paper, our objective is to demonstrate the high power
amplification capability of Yb:YAG thin rods without pump
guiding at room temperature and reduce the complexity and
cost of the 100 W-level Yb:YAG laser system. We present a
hybrid CPA laser system consisting of an all-fiber front end,

a Yb:YAG SCF pre-amplifier, and a Yb:YAG thin-rod main
amplifier. An output power of 126.2 W with a beam quality of
M a%y 1.83 x 1.61 is obtained through a compact two-stage
Yb:YAG amplifier configuration, effectively reducing the com-
plexity of the system. This result also demonstrates the ability
of Yb:YAG thin rods without pump guiding to achieve high
average power comparable to that of the Yb:YAG SCF amplifier
at room temperature with good beam quality. To the best of
our knowledge, this paper reports the highest output power of
a Yb:YAG thin rod (without pump guiding) by using compact
two-stage amplifiers with CPA technology at | MHz. After using
a thin-film polarizer (TFP) to remove the thermal depolarization,
a 115.2 W linearly polarized ultrashort-pulse laser is obtained,
with a center wavelength of 1029.8 nm and a pulse width of 242.1
ps. Following compression by a pair of diffraction gratings,
a pulse width of 580 fs with an average power of 80.6 W is
obtained.

II. EXPERIMENTAL SETUP

A schematic of the hybrid Yb-doped fiber and Yb:YAG
thin-rod laser system is shown in Fig. 1. The seed consists
of a polarization-maintaining (PM) passive mode-locked fiber
oscillator with a linear cavity and a Yb-doped fiber pre-amplifier.
The oscillator operates in the dispersion-management regime
through a chirped fiber Bragg grating (CFBG) with an anoma-
lous dispersion 35 = -0.1139 ps>. A piece of Yb-doped PM
fiber (Nufern, PM-YSF-HI-6/125) with a length of 1 m and
an absorption coefficient of 250 dB/m at 976 nm is used as
the gain medium. A semiconductor saturable absorber mirror
(SESAM) with a modulation depth of 30% is used in the cavity
to establish self-start mode locking. The pre-amplifier with a
0.5 m long Yb-doped PM fiber is pumped by the 976 nm LD
which is also a pump source for the oscillator. An acoustic optical
modulator (AOM) is used to reduce the repetition rate of the seed.
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The pulse is then stretched through a 580 m long single mode
fiber. The stretched pulse is amplified by two-stage Yb-doped
PM fiber amplifiers. All the amplifiers were forward pumped.
After an isolator, a pump-signal combiner is used to deliver the
pump light into the main amplifier of the all-fiber front end,
which is a 2 m long double-clad 20/130 pm Yb-doped PM fiber
(Nufern, PLMA-YDF-20/130-VIII) with a cladding absorption
coefficient of 10.2 dB/m at 976 nm. The reflection of light from
the fiber end face is eliminated by cutting an 8° angle at the fiber
output.

In the first Yb:YAG pre-amplifier, the gain medium is a 1 at.
% doped Yb:YAG SCF (Taranis module, Fibercryst Inc.) with
dimensions of ®1 mm x 30 mm. The seed beam is collimated
to a 420 pum diameter spot inside the SCF. The pump source
is a 200 W fiber-coupled LD (BWT Inc.) operating at 940 nm.
The diameter of the fiber is 135 pm with a numerical aperture
(NA) of 0.22. The pump beam is imaged into the SCF with a
diameter of 408 pm using two plano-convex lenses with focal
lengths of 50 and 150 mm. After amplification, the laser beam
from the SCF pre-amplifier is injected into the main amplifier. In
the main amplifier, the gain medium is a 2 mm diameter, 50 mm
long, 1 at. % doped Yb:YAG thin rod with an unpolished barrel
surface, which has 5 mm long undoped end caps at both ends.
The crystal is mounted in a water-cooled copper microchannel
heat sink with a temperature of 16°C and is clamped by contact
with two semicylindrical copper grooves filled with thermal
grease. Three 150 W fiber-coupled LDs at a center wavelength
of 940 nm are combined by a 3x 1 combiner for the Yb:YAG
thin-rod amplifier. The pigtail diameter of the combiner is 200
pm with an NA of 0.22. The pump beam is imaged into the
crystal with a diameter of 604 pm. The signal is then injected into
the Yb: YAG thin-rod main amplifier with slight divergence. The
spot diameter of the signal measured at the pump waist location is
690 pm. The amplified laser beam is then compressed by a pair of
transmission gratings (LightSmyth.T-1600-1030s-130X20-94)
with a grooved grating of 1600 line/mm.

III. EXPERIMENTAL RESULTS AND DISCUSSIONS

In the all-fiber front end, the seed output had an average power
of 64.6 mW with a spectral width of 26.1 nm. The AOM was
used to reduce the repetition rate from 52.9 MHz to 1 MHz. After
stretching, the pulse was amplified to 16.7 mW by the first fiber
amplifier. The pulse trains of the seed and the first fiber amplifier
were measured in real time by a 25 GHz real-time oscilloscope
with a 15 GHz InGaAs photodetector, as shown in Fig. 2. Then,
the signal was amplified to an average power of 11.0 W by a
double-clad gain fiber amplifier, as shown in Fig. 3.

The SCF pre-amplifier obtained an average power of 42.8
W through single-pass amplification at a pump power of 182
W when the signal power was 7 W. Fig. 4 shows the output
power of the SCF amplifier as a function of pump power. As
the pump power increased, the amplification efficiency of the
SCF pre-amplifier decreased. We believe that the reason is the
temperature increase of the SCF. Notably, we employed a TFP
to remove the thermal depolarization power of 1.0 W, so the
signal power delivery to the next stage was 41.8 W.
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The Yb:YAG thin rod amplified the signal from 41.8 W to
126.2 W at a pump power of 307.0 W, which was higher than
the recommended maximum pump power of 200 W for the SCF
module. After removing the thermal depolarization, an output
power of 115.2 W with linear polarization was obtained. The
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relationship between the pump power and output power is shown
in Fig. 5. The beam quality factors were measured by a scanning
slit beam profiler. The values of M2 and M, y2 degraded from 1.40
and 1.29 at the all-fiber frontend to 1.83 and 1.61 for the Yb: YAG
thin-rod amplifier along the vertical direction and horizontal
direction, respectively, as shown in Fig. 6. We estimate that the
desired beam quality is not achieved because the end face of the
fiber output exhibits distortion when the fiber cleaver cuts an
angle of 8 degrees, causing deterioration of the beam quality.

Thermal grease, as a thermal interface material, has better
thermal contact due to its good fluidity and does not stress the
crystal. The microchannel heat sink has good heat dissipation
efficiency and can evenly dissipate heat on a large surface. In the
experiment, the Yb:YAG thin rod was placed in the middle of
two microchannel heat sinks, and the length direction of the thin
rod was perpendicular to the direction of the water flow in the
microchannel. The cooling water only passes near the Yb: YAG
thin rod once, which will not further affect the temperature of
Yb:YAG thin rod. Therefore, thermal grease and microchannel
heat sinks can provide efficient thermal management for thin
rods due to their excellent heat dissipation and uniform temper-
ature distribution [25]-[27].

Refractive index changes in solid-state gain media under high-
power pumping are caused by thermal effects and an electron
(population) lens, which can affect the beam quality of lasers.
In the Yb:YAG crystal, the electron lens is small under the
continuous-wave pumping condition. Moreover, under lasing
conditions, the reduction in the excited state population causes
a decrease in the electron lens, so the electron lens can be
negligible. We only need to consider the degradation of the beam
quality due to thermal effects [28], [29]. In this work, benefiting
from the thermal management of the microchannel heat sink,
the beam quality degradation was not severe when the pump
power exceeded 300 W. By using a seed laser with good beam
quality, the beam quality of the Yb:YAG main amplifier can
be improved, as shown in our previous work [30]. We believe
that the increase in thermal depolarization power indicates that
the temperature distribution of the thin rod changes with high
pump power, because thermal depolarization is positively cor-
related with thermal loading [31], [32]. As shown in the inset
of Fig. 5, the amplified beam profile was elliptical, because the
thermal conductivity of thermal grease (6 Wm™~'K~!) at the heat
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sink junction was lower than that of copper (400 Wm~'K~1),
resulting in uneven heat dissipation in the horizontal and ver-
tical directions. The amplification efficiency remained flat at
approximately 30%, indicating that the heat dissipation of the
microchannel heat sink was still effective, as shown in Fig. 6
(red and orange curves).

A laser spectrometer (Yokogawa, AQ6370D) with a resolu-
tion bandwidth of 0.02 nm was employed to record the output
spectrum. Fig. 7(a) shows the spectral evolution of the all-fiber
front end and two-stage Yb:YAG amplifiers. High gain leads
to a strong gain narrowing effect. The width of the spectrum
amplified by SCF is narrowed from 6.8 nm to 3.3 nm. The
spectrum width further narrowed to 3.0 nm at the Yb:YAG
thin-rod amplifier. The pulse widths measured by the 25 GHz
real-time oscilloscope were 440.8 ps, 282.3 ps, and 242.1 ps
for the all-fiber front end, SCF amplifier, and Yb:YAG thin-rod
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amplifier, respectively, as shown in Fig. 7(b). The narrowing of
the chirped pulse duration was caused by the mapping from
the frequency domain to the time domain, as the stretched
pulse had a positive chirp, resulting in the pulse profile related
to the spectral profile [33]. The temporal performance of the
photodetector is specified by the rise time. The temporal trace
will be smoother than the spectral trace and will exhibit certain
differences at the edges of the trace.

The pulse was compressed by a pair of transmission grat-
ings. A compressed power of 80.6 W was achieved, with a
corresponding compression efficiency of 70.0%, as shown in
Fig. 8. The pulse duration of 580 fs was measured by the
autocorrelator (APE GmbH). A peak power of 116.9 MW is
obtained considering the 84.1% of the total energy in the central
pulse. Because of the third-order dispersion of the stretching
fiber, the compression pulse duration was wider than the Fourier
transform-limited pulse duration of 521 fs. Narrower pulse
widths may be achieved by stretching pulses using CFBGs with
low third-order dispersion, which will be the focus of our future
research.

IV. CONCLUSION

In conclusion, we demonstrated a compact hybrid CPA system
that is based on a Yb-doped all-fiber front end and two-stage
Yb:YAG amplifiers with an output power of 126.2 W at a
repetition rate of 1 MHz. To the best of our knowledge, this
is the highest output power of a Yb:YAG thin rod without
pump guiding that has been reported at room temperature. Beam
quality factors of 1.83 and 1.61 were measured along the vertical
and horizontal directions, respectively. The output power of
115.2 W with linear polarization was obtained, after removing
thermal depolarization. A pulse duration of 580 fs was achieved
after compression with an average power of 80.6 W and a peak
power of 116.9 MW after disregarding the energy in the pulse
side-wings. The experimental results showed that a laser ampli-
fier system employing a Yb: YAG thin rod without pump guiding
can provided a high average power at room temperature for low
cost. By optimizing the dimensions and doping of the crystal and
using zero-phonon line pumping, the amplified average power
can be further increased. This system shows promise as a laser
source for industrial manufacturing and scientific research.
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